In 1963, the leading fisheries targeting Atlantic bluefin tuna (Thunnus thynnus) in the Norwegian Sea and North Sea suddenly collapsed without any warning. Little is known about this collapse and several hypotheses have been put forward, such as changes in migratory routes, recruitment failure or eradication of a sub-population: all of these hypotheses could result from natural causes and/or from overfishing. To help explain this mysterious event, an original data set of the main bluefin tuna fisheries of the 20th century, including total catch and size composition of the catch, has been compiled and analysed. The results reveal a strong and unambiguous link between the Nordic purse seine and Spanish trap fisheries during the 1950s and 1960s. However, this link vanished during the 1970s. In addition, the North-west Atlantic and Mediterranean trap fisheries appeared also to be partially connected to the Nordic fisheries. During the 1950s and 1960s, the main migration routes of bluefin tuna were probably from the Mediterranean spawning grounds and from the West Atlantic coasts to the Norwegian coast and North Sea, which were probably a key feeding ground at that time. The analyses also lead to the conclusion that interactions between environmental, trophic and fishing processes have probably affected bluefin tuna migration patterns which would have finally caused the Nordic fisheries collapse. This retrospective analysis finally leads to an original -albeit more speculative -hypothesis concerning Atlantic bluefin tuna population structure, therein conjectured as an assemblage of at least three sub-populations.
Introduction
Atlantic bluefin tuna (Thunnus thynnus, Scombridae) is a top predator displaying a long life span and a low population growth rate which makes it more fragile to exploitation than tropical tunas (Fromentin and Fonteneau 2001) . Bluefin tuna further exhibits a wide spatial distribution (the whole North Atlantic and adjacent seas) and a highly migratory behaviour (Mather et al. 1995; Fromentin and Powers 2005) . However, its spatial dynamics are complex and partially unknown, in spite of recent progress made due to intensive electronic tagging experiments (e.g. Block et al. 2005; Sibert et al. 2006 ). Bluefin tuna is currently managed by the International Commission for the Conservation of Atlantic Tunas (ICCAT) under the hypothesis of two management units, although mixing between the two units is known to occur (ICCAT 2002) . Both stocks are estimated to be strongly overfished and continue to be overexploited; the 2006 stock assessment points out a substantial risk of fisheries and population collapse (ICCAT 2007) . Since the first millennium before Christ, Mediterranean fishermen took benefits of the bluefin tuna seasonal migration, during which fish hug the coasts to join their spawning sites (Mather et al. 1995; Doumenge 1998) . They traditionally used beach seines or hook and lines that were progressively replaced by a fixed gear --the trap--which has been used all around the Mediterranean Sea and along the near Atlantic coasts since the 16 th Century. Along its millennium exploitation history, bluefin tuna fisheries did not remain stable but displayed conspicuous long-term fluctuations (Ravier and Fromentin 2001) . However, the Nordic fisheries that took place in the Norwegian and North Sea between the 1930s and 1970s (Mather et al. 1995) give the most spectacular example of bluefin tuna fisheries collapse. During the 1950s, the Nordic fisheries were among the most productive ones, catching up to 18,000 tons/year, but they suddenly crashed down without any warning in 1963. There were a few catches after this event, but at a much lower level. Also intriguingly, the mean size of the catch of these fisheries continuously increased, which may be interpreted in different ways, i.e. changes in the migratory routes, recruitment failure (due to natural causes and/or fishing), or eradication of a sub-population (Pusineri et al. 2002; Fromentin and Powers 2005) . This study aims to clarify this mysterious event because understanding such past event may substantially improve our knowledge on bluefin tuna population dynamics and ecology. To do so, an important data rescue from various sources has been carried out to compile a database including annual total catch and catch-at-size (i.e. the size composition of the catch) from the most important bluefin tuna fisheries of the 20 th century operating in the North Atlantic and Mediterranean Sea. This study presents an analysis of this original dataset. It supports the occurrence of significant spatial and temporal variations in bluefin tuna migratory behaviour and brings a novel hypothesis about the bluefin tuna population structure.
Materials and Methods

The Nordic fisheries data
The occurrence of large bluefin tuna (> 100kg) in the northern European waters is documented since the 1920s (Mather et al. 1995; MacKenzie and Myers 2007) . Among the so-called 'Nordic' fisheries, the Norwegian purse seine fishery was the most important one (i.e. ~ 80% of the total catch of the Nordic fisheries) and operated in the North Sea and in the Norwegian Sea (offshore the Nordland and Troms provinces). A continuous time series of annual yields (in tons) from both areas has been built up from 1927 to 1982 from the archives of the Institute of Marine Research in Bergen (Norway), the official Norwegian catch statistics and the seven ICES reports of the bluefin tuna working group being published between 1964 and 1980 (Hamre and Tiews 1964 Hamre et al. 1966; 1968; 1971; Aloncle et al. 1974; 1977; 1981) . This time series has been then updated until 2000 using the ICCAT database (www.iccat.int, Table 1 ). A time series of catch-at-size (CAS) from 1956 to 1979 and 1956 to 1969 (with a missing period from 1963 to 1966 due to the fishery collapse) have been collected from the ICES reports for the North Sea and the Norwegian Sea areas, respectively (Table 1) . German and Danish fisheries (mostly handline, but also hook and line, purse seine and sport fishing) that operated in the North Sea, Skagerrak and Kattegat were less important than the Norwegian but not negligible. Time series of total yields (in tons) from these fisheries have been also built up from various sources, i.e. the above ICES reports and past scientific literature (Tiews 1963b; Pusineri et al. 2002) . These time series ranged over 1947-1969 and 1938-1986 for Germany and Denmark, respectively (Table 1) . CAS data were not available or very sporadic for Denmark, but a CAS time series could have been collected for Germany from 1951 to 1962 from the ICES reports and archives from the BFAFischerei Institute in Hamburg (Germany, J.P. Cornus Comm. pers.).
The trap fisheries data
Traps were the major and most productive bluefin tuna fisheries from the 16 th century until the advent of the Nordic fisheries (see Mather et al. 1995; Ravier and Fromentin 2001 and references herein). The most important trap fisheries operated along the coasts of Sicily, Sardinia, Tunisia in the Mediterranean Sea and Spain, Portugal and Morocco in the Northeast Atlantic (Ravier and Fromentin 2001) . Using the historical material collected by these authors, continuous time series of annual catch (in number of fish) from 1900 to 2000 were collected, while time series of yields (in tons) from 1950 came from the ICCAT database (Table 1) . CAS time series from 1950 to 1979 for the main Spanish trap Barbate could have been reconstructed from the above ICES reports and past scientific literature (i.e. Rodriguez-Roda 1960; 1964; 1966; 1967; 1970) . CAS from the Spanish traps are available in the ICCAT database after 1979. However, these data were not included in the analyses because of their lack of consistency with the previous period. CAS data were not available or sporadic for the Italian, Tunisian Portuguese and Moroccan traps in the ICES reports, ICCAT database or past literature. However, we could have rescued the full daily CAS information from the two major Sicilian traps, Favignana and Formica, between 1956 and 1990 from the archives of the Trapani fisheries service (G. Guarrasi Comm. pers.) which were representative from this fishery (Ravier and Fromentin 2001) . This unique and highly valuable dataset includes 7031 CAS records that have been carefully checked and validated. Finally a CAS time from 1956 to 1984, including 6204 records, has been retained (the most recent years being deleted due to a strong decline in the catch and a too low sample size, Table 1 ). Annual yields from 1930 to 2000 and a CAS time series from 1955 to 1961 of the Canadian and US traps have been gathered from the same ICES reports and ICCAT database. These traps were less productive than the Spanish or Italian ones. They are, however, of great interest because they were operating in the Northwest Atlantic, more precisely in Nova Scotia and Cape Cod, at the same time as the Nordic fisheries (Mather et al. 1995) .
Other fisheries data
Besides the above major fisheries, there were a few important fisheries that appeared during the second half 20 th century, i.e. the French & Spanish bait boat, the Japanese longline, the US purse seine and the Mediterranean (mostly French and Italian) purse seine. The French & Spanish bait boat resulted from the modernization during the mid-20th century of a handline fishery targeting North Atlantic albacore (Thunnus alalunga) and juveniles bluefin tuna in the Bay of Biscay since the mid-19 th century (Bard 1981; Fromentin and Powers 2005) . Continuous time series of annual yields and CAS (1966 CAS ( -2000 have been built up from the ICCAT database and above ICES reports (Table 1) .
A purse seine fishery targeting juveniles bluefin tuna started in the 1930s but really arose during the early 1960s along the edge of the western Atlantic continental shelf, mostly between Cape Hatteras and the coasts of Maine (Mather et al. 1995) . Continuous time series of annual yields and CAS (1963 CAS ( -2000 have been also built up from the ICCAT database and above ICES reports (Table 1) . Longline also developed in the North Atlantic during the 1950s, primarily by Japan (Mather et al. 1995) . The longliners primarily focused on medium-sized and large fish in temperate waters, with some extension in the equatorial area, such as the "Brazilian episode" between 1962 and 1967 (Fromentin and Powers 2005) . These fisheries then expanded in the Mediterranean Sea and the Gulf of Mexico and are nowadays covering most of the bluefin tuna spatial distribution (ICCAT 2007) . To take into account the spatial development of the Japanese fisheries and ICCAT database constraints, three different areas for this fishery were considered: the West Atlantic, the East Atlantic and the Mediterranean Sea (for more details about the areas, see ICCAT 2007) . Continuous time series of annual yields for the West and East Atlantic ranged from 1957-2000, while this of the Mediterranean Sea from 1963-2000 (Table 1 ). Continuous CAS time series were available since 1971, 1970 and 1974 for the West, East Atlantic and Mediterranean, respectively (note that CAS data for the West Atlantic are also available in some years prior to 1971, i.e. 1957, 1965 and 1968) . Purse seine fisheries really took place in Mediterranean Sea after the Second World War, firstly in Yugoslavia (currently Croatia) and Italy, then in France during the 1960s. Following the development of the Japanese sushi-sashimi market during the 1980s, these fisheries considerably increased and new purse seine fisheries appeared, especially in Spain, Tunisia, Turkey and Libya, so that these fisheries are nowadays the most productive ones (Fromentin and Ravier 2005; ICCAT 2007) . Continuous time series of annual yields have been built up from 1950, 1952, 1962 until 2000 for Croatia, Italy and France, respectively (Table 1, time series from Tunisia, Spain and Turkey purse seine were considered since they were less than 20 years long and started more than 15 years after the Nordic fisheries collapse). The CAS data has been compiled from the French fleet from 1968 to 2000 (but was missing in 1980). All data came from the ICCAT database.
Data Analysis
All the data (total catch or CAS) used for this study come from validated sources (e.g. ICES reports) or have been validated using cross-checks among different sources, inspection of the raw data and validation by different experts (see acknowledgements). Data that could not be validated were removed. All the time series were continuous, except the US and Canadian trap for which reported catches were missing in 1934, 1936 and 1941 . As these missing values were clearly stated as unavailable (Hamre et al. 1966 ) and were not contiguous, they were estimated using the Eigen Vector Filtering method (e.g. Ibanez and Dauvin 1988) , so that the final model retained more about 80% of the variance of the series. In fine, the dataset included continuous time series which were of unequal lengths and which did not necessarily overlap over a long period (Table 1) . To circumvent these difficulties, the time series that came from a homogeneous and/or similar geographical area (i.e. Mediterranean Sea, Northeast Atlantic and Northwest Atlantic) and gear type (i.e. trap, purse seine, longline and baitboat) were gathered ( Table 1 ). The Mediterranean trap (MED-TP) thus includes the Italian and the Tunisian trap fisheries, the Mediterranean purse seine (MED-PS) includes the French, Italian and Yugoslavian purse seine, the Mediterranean longline (MED-LL) is the Japanese longline operating in that area, the Northeast Atlantic trap (NEA-TP) includes the Morrocan, Portuguese and Spanish traps, the Northeast Atlantic purse seine (NEA-PS) includes the Danish, German and Norwegian purse seine, the Northeast Atlantic longline (NEA-LL) is the Japanese longline operating in the North Atlantic East of the 45 o W parallel, the Northeast Atlantic baitboat (NEA-BB) is the French and Spanish baitboat operating in the Bay of Biscay, the Northwest Atlantic trap (NWA-TP) includes the US and Canadian trap fisheries, the Northeast Atlantic purse seine (NWA-PS) is the US purse seine fleet while the Northeast Atlantic longline (NWA-LL) is the Japanese longline operating in the North Atlantic West of the 45 o W parallel. Doing so, the number of time series has been reduced from 18 to 10, 5 to 2 and 13 to 10, for the yield, catch and CAS, respectively (Table 2 ). This grouping led to several advantages: (i) the number of time series per geographical and gear class is more balanced; (ii) each class of fisheries now displays one time series of yield and CAS and (iii) the period of overlap among time series is larger. Overall, this dataset allowed the numerical analyses to be more robust. The decomposition of CAS data into Gaussian components that represent the different ageclasses is difficult for bluefin tuna, especially for fish older than 5 years, as the cohorts tend to become indistinguishable (Fromentin and Powers 2005) . Furthermore, intensive fishing on juveniles tends to smooth over modal differences that might have originally existed. Therefore, the ageing procedure was performed as it is done by the ICCAT bluefin tuna working group, using the official ICCAT age-length key of each major geographical area to convert the CAS data into catch-at-age (CAA) data. The keys (i.e. von Bertalanffy equations, see ICCAT 1997) specify the probability that a fish of a given size belong to one of several age groups. The CAA data have been finally used to estimate the year-classes contribution to the catches (i.e. the proportion of each annual cohort in the catches) of each fishery. In general, time series of catch and catch-per-unit-effort (CPUE) poorly reflect the underlying dynamics of fish populations because the former are directly affected by effort (with a few exceptions for some passive fisheries such as the traps, see Ravier and Fromentin 2001) and because both are impacted by gear catchability, changes in fishing strategy and technology as well as environmental variations (Hilborn and Walters 1992; Rouyer et al. 2008) . However, the comparison of different sources of data, such as catch, yield, CAS and year-classes contribution, may help in detecting connectivity between fisheries, while reducing the risk of error due to a unique source of data. To detect potential similarity and synchrony among the different fisheries, the time series of yields, CAS and CAA were analysed and compared using a step-by-step approach and applying standard methods, such as linear regression, principal component analysis (PCA) and cluster analysis (see e.g. Legendre and Legendre 1998) . However, the above time series of yields were rarely stationary and both the mean and the variance varied over time ( Figure 1 ). Non-stationarity is known to affect statistical analysis, especially hypothesis testing, and needs therefore to be corrected (Chatfield 1996; Pyper and Peterman 1998) . To stabilize the variance (i.e. to make the variance homoscedastic) of the time series of yield, data were log-transformed prior to PCA and linear regression. To stabilize the mean, the most standard options are to removing time trend (estimated through filtering) or to prewithtening the time series (through e.g. first-order differencing). However, such procedure would lead to the removal of the major source of variance of these time series, which is mostly due to low frequencies ( Figure 1 ). It would further prohibit the detection of slow changes and/or regime shifts. As the aim of the present study is to focus on long-term variability (and not short-term one), the log-transformed time series were not detrended or prewithtened, but the test procedures were adjusted to take account for serial autocorrelation, according to the method proposed by Pyper and Peterman (1998) . Bluefin tuna migrated in the North Sea and Norwegian Sea in summer to feed on herring and secondarily on mackerel (Tiews 1978) . Therefore, changes in prey abundance or in environmental conditions in the Northeast Atlantic may have impacted bluefin tuna population dynamics (both in time and space). To investigate the potential impact of environmental and trophic factors on yields time series, the regime shift detection index (RSI) developed by Rodionov (2004; was therefore preferred to the General/Multivariate Linear Regression approach. The RSI is designed to detect statistically significant shifts in the mean level and the magnitude of fluctuations in time series, while handling outliers and autocorrelation, using a sequential t-test. The RSI was applied on historical time series of bluefin tuna catch, abundance of Norwegian Spring-spawning herring estimated from virtual population analysis (Toresen and Østved 2000) and in situ sea surface temperature (SST) provided by the Comprehensive Ocean-Atmosphere data set, COADS (http://www.cdc.noaa.gov/coads/).
Only the results that are consistent among the different analyses (and so assumed to be robust) are finally discussed. All the analyses have been performed under Matlab 6.1 (Matlab 2006) , but the RSI was performed using the Visual Basic application available at: http://www.beringclimate.noaa.gov/regimes/index.html.
Results
Analyses of the yield data
A correlation matrix between the 10 time series of yield has been computed on logtransformed data and then used to calculate a distance matrix, such as D = 1-R. As a quota was imposed to all the Western Atlantic fisheries in 1982, all the time series used to compute R and D have been truncated in 1982 to avoid any potential bias. A Principal Component Analysis and a cluster analysis have been then performed using R and D, respectively. The dendrogram (i.e. tree diagram of the cluster) has been cut at D=1 (i.e. R=0) to determine the different groups. Two groups clearly emerged from the two analyses (Figure 2a,b) . The first one included fisheries from different areas that were important during the 1950s and then strongly declined during the 1960s and 1970s (Figure 2b ). The second group included two Northwest fisheries, i.e. the NWA-PS and NWA-LL that reached a peak during the 1960s (i.e. during the so-called 'Brazilian episode', see 'Discussion') and then stabilized at lower levels as well as two Mediterranean fisheries (MED-PS and MED-LL) and one from the Northeast Atlantic (NEA-LL) which displayed a strong increase during the 1970s (Figure 2b ). If this general classification was expected, more surprising was the inclusion of a Northwest fishery, i.e. the NWA-TP, into the group 1, i.e. together with the trap fisheries from the Mediterranean and Northeast Atlantic (MED-TP and NEA-TP) as well as the Nordic fisheries (NEA-PS).
Analyses of the catch-at-size
The buble plot of the catch-at-size (CAS) of the NEA-PS clearly displayed an increase in the mean size of the catch and a concomitant decrease in the dispersion of the size distribution during the 1960s and 1970s (i.e. after the collapse, Figure 3 ). Such pattern can be summarised by calculating the median and the inter-quartile-range (i.e. a robust measure of the variance that is equal to the difference between the 75th and 25th percentiles) of each annual size distribution and plotting them as a time series (Figure 4 ). The significant increase in the mean size and decrease in the dispersion of the CAS of the NEA-PS led to a significant negative relationship between both variables, i.e. higher the median size, lower the dispersion around the mean. A similar significant increase in the median size was also clearly detectable in the NEA-TP, but without significant decrease in the dispersion ( Figure  4 ). The CAS of the MED-TP displayed a contrasting pattern with the two above fisheries since the median and the dispersion of the CAS were significantly positively related (i.e. higher the median size, higher the dispersion around the mean, Figure 4 ). Such pattern that is more usual in fisheries data was also detectable in the NWA-PS. The NWA-LL (as the other fisheries, i.e. the NEA-LL, NEA-BB, MED-LL and MED-PS) did not display any particular pattern. Focusing on the four fisheries that displayed significant changes in the CAS, a potential link between variations in size and yield have been then investigated. For the three fisheries that targeted large fish, the median size was negatively related to the total yield, i.e. higher the yield, lower the median size of the fish (only the first two fisheries displayed a significant relationship after adjustment for serial autocorrelation, Figure 5 ). However, the dispersion of the CAS (which gives an indication of the number of different year-classes in the catches) was positively related to the NEA-PS yields and negatively to the MED-TP yields ( Figure 5 ). This suggests that the years of lower yields in the NEA-PS were related to a few year-classes of large fish (i.e. > 240 cm) while the years of higher yields were due to the occurrence of both medium-and large-size fish (i.e. > 180 cm). In contrast, the years of lower yields in the MED-TP were related to larger fish but with a greater number of year-classes than the years of higher yields. This indicates that the underlying processes of collapse/decline of these two fisheries are likely to be different.
Analyses of the year-classes contribution
Comparing the CAS remains limited because of differences in catchability (i.e. some fisheries caught large/adult fish while others small/juvenile fish, Figure 6) . Therefore, the year-classes contribution to the catches of each fishery have been also calculated and then compared. In average, there was a striking similarity between NEA-PS and NEA-TP which were both dominated by a few year-classes (or annual cohorts) from the late 1940s and early 1950s (Figure 6 ). The MED-TP displayed a different pattern. In this fishery, more year-classes have significantly contributed to the catches, as it was also the case for other fisheries (except the NWA-TP, figure not shown). The principal component analysis (PCA) on the year-classes contribution to the catches of the NEA-PS gave useful details (Figure 7 ). Over the period 1956-1979, this fishery was dominated by about 10 continuous year-classes born between 1945 and 1953; the 1950 year-classes being the most dominant one. The other year-classes, especially after 1953, had little contribution to the whole variance. The PCA on the year-classes contribution to the yields of the NEA-TP displayed (once more) a similar picture (Figure 7 ). Here also, the yearclasses between 1945 and 1952 were largely dominant in the yields of the same period (i.e. 1956-1979) , especially the year-classes 1949 and 1950. There was thus a kind of ebb and flow, i.e. the year-classes after 1950 progressively disappeared from these two Northeast Atlantic fisheries. There was no sudden stop in the arrival of new year-classes, neither a high dominance by a single year-class, as this has been suggested in the past. Note that the first important year-class that occurred in the NEA-PS (or NEA-TP) cannot be determined because the CAS only started in 1956 while the fishery developed during the 1930s-1940s. Information from the German fishery that went back to 1951 clearly indicated that the 1944 and 1945 year-classes were dominant in the catches of the early 1950s, so that the Nordic fisheries were probably supported by more than 10 year-classes. As expected from Figure 6 , the PCA on the MED-TP data (computed over the same period, i.e. 1956-1979 ) displayed a different pattern (Figure 7) . If the same year-classes from 1945 to 1952 have significantly contributed to the catches (right part of the panel), even more important were the year-classes from 1958 to 1963, especially the year-class 1960, in the catch composition of this fishery (see left part of the panel). In other words, the MED-TP shared, in term of year-classes contribution, some similarities with the above Northeast Atlantic fisheries, but also some singularities. It was also of interest to investigate the year-classes contribution to the catches of the NWA-TP, because this fishery also collapsed during the early 1960s (as the NEA-PS and NEA-TP, see Figures 1 and 2) . However, the CAS was limited to a much shorter period than the above three fisheries (i.e. 1955-1961, Table 2 ) and the comparison must thus be interpreted with care. The yields of this fishery were mostly due to the contribution of the 1950-1953 yearclasses and poorly to the year-classes of the mid-and late 1950s, as it could have been expected from a fishery targeting small fish (Figure 7) . The yields of the NWA-TP were thus dominated by the same year-classes as those of the NEA-PS and NEA-TP. To extend the above comparison to a larger number of fisheries, two cluster analyses over more recent common periods were also performed. Over the period 1966-1979, the results were comparable to those from 1956-1979, i.e. the year-classes contribution to the catches of NEA-TP and NEA-PS were similar and were thus closely associated (Figure 8a ). Over this period, the MED-TP was slightly apart but more closely linked to these two fisheries than NEA-BB and NWA-PS. Interestingly, the strong link between the NEA-TP and NEA-PS that emerged from all the above analyses seem to vanish during the 1970s. Indeed, the cluster tree performed on the 1971-1981 period showed that the year-classes contribution to the catches of NEA-TP was primarily associated with this of MED-TP (and then with NEA-LL) while the NEA-PS was spaced out (Figure 8b ). This disruption may be understood at the light of Figure 4 : while the strong ageing in the catches of the NEA-PS persisted until the late 1970s, it has been broken in the NEA-TP during the mid-1970s (as shown by the decrease in the median size since 1977). This indicates that the NEA-TP catches included new yearclasses since 1977 while those of the NEA-PS did not.
Potential impact of environmental and trophic factors
To investigate the potential impact of environmental and trophic factors on yields time series, the regime shift detection index (RSI) was calculated on the time series of NEA-PS, small herring (i.e. 0-and 1-year-old fish), fat herring (2-and 3-year-olds) and SST over the longest common period, i.e. 1927-1982. The aim is to detect statistically significant shifts in the mean level and thus to investigate potential synchrony between regime shifts of the different variables. As the time series of NEA-PS and herring displayed conspicuous serial autocorrelation, the RSI were calculated using the prewhitening procedure to adjust the significance level of detection of the shifts. The significance level was set at 10% and the time period at 10 years. Two regime shifts were detected for SST, firstly a cooling in 1962 (which also corresponds to the highest RSI value) and then another cooling in 1977 ( Figure  9 ). Four regime shifts were detected for NEA-PS. The first two (in 1941 and 1949) corresponded to positive RSI and reflected the rising of the bluefin tuna fisheries in Norway, especially after the second World-War. The last two regime shifts occurred in 1963 (which is the second highest RSI value) and then in 1978, so in both cases one year after the two regime shifts detected in SST (Figure 9 ). Regime shifts in small and fat Norwegian Springspawning herring happened in 1954 and 1967 for both series and additionally in 1981 for small herring ( Figure 9 , the residuals were normally distributed for all the time series, although 2 and 3 outliers were detected in the small and fat herring, respectively).
Discussion
Connectivity between fisheries
The above analyses led to several consistent results of interest. First, most of the analyses displayed striking similarities between the Nordic fisheries (NEA-PS) and the Spanish traps (NEA-TP). The catch data indeed revealed a concomitant decline or collapse during the early 1960s. The CAS of both fisheries exhibited an ageing of the catch until the mid-1970s and a common dominant contribution of the year-classes 1945-1952. Therefore, the results advocated for a strong and a clear connection between these two fisheries leading to hypothesise (with a rather high level of confidence) that the largest part of fish caught in the North Sea and Norwegian Sea between July and October came from the Gibraltar strait and most probably from the Western Mediterranean where they were spawning in June. However, this connection was not unique or exclusive. The results also indicated possible and secondary connections between the Italian and US & Canadian trap fisheries in the one hand and the Nordic fisheries in the other hand. The year-class at around 1950 contributed a lot to the catches of these two trap fisheries and the US & Canadian trap further displayed a concomitant decline during the early 1960s. This could indicate that a non negligible part of the fish caught in the Norwegian Sea and North Sea in the past also came from the spawning grounds around Sicily and the Northeast American coasts. Such hypothesis is in agreement with Tiews (1963a) who estimated, on the basis of a few recaptures and mostly on the feeding condition of the fish, that about 12% of the catch of bluefin tuna in the Norwegian Sea and North Sea were of West Atlantic origin. It is also in agreement with Carlsson et al. (2006) who estimated from genetic analyses that the recent bluefin tuna fishery operating South of Iceland included fish migrating from different areas and recruited from different spawning grounds.
Impact of herring stocks collapse and changes in oceanographic conditions
So, main migration routes of Atlantic bluefin tuna during the 1950s and 1960s were probably from the Mediterranean spawning grounds and from the West Atlantic coasts to the Norwegian and North Sea, which were probably at that time a key feeding ground. Tiews (1978) estimated that bluefin tuna consumption in the Norwegian Sea and North Sea was substantial (up to 400 000 tonnes in 1952) and that herring (mostly small herring) was the major prey (up to 75%). Therefore, it is tempted to link the Nordic bluefin tuna fisheries collapse with the failures of the major herring stocks of the Northeast Atlantic in the late 1960s and the early 1970s (Jakobsson 1985) . However, this rather simplistic causal relationship is not in agreement with the RSI analysis, as the regime shifts for the Norwegian bluefin tuna and Norwegian Spring-spawning herring did not occur at the same periods. Furthermore, it does not help in understanding why bluefin tuna fisheries collapsed suddenly in 1963 while the decline of the various Northeast Atlantic herring stocks ranged over one or two decades. The RSI analysis revealed that the two negative regime shifts in NEA-PS occurred in 1963 and 1978, so one year after the two regime shifts detected in SST over the period. This may indicate that changes in temperature might have directly affected bluefin tuna migration behaviour, as this has been recently postulated (Ravier and Fromentin 2004; Sibert et al. 2006) . It is finally worth noting that Japanese longliners caught 5,000 to 12,000 tonnes of bluefin tuna offshore Northern Brazil (i.e. in the equatorial Atlantic which is a typical fishing ground for tropical tuna but atypical for bluefin tuna) from 1962 to 1967, so just at the beginning of the cooling of the Northeast Atlantic and almost just after the Nordic fisheries collapse. It is finally worth noting that Atlantic herring stocks displayed large temporal and spatial variations that appear to be partially due to climate changes (Corten 1990; Alheit and Hagen 1997; Corten 2001) . The recruitment of the Norwegian Spring-spawning herring has been shown to be positively related to temperature (Torensen and Østved 2000) . It could be thus conjectured that the cooling of the 1960s and 1970s has negatively affected Atlantic herring recruitment that has indeed significantly dropped in 1967. The subsequent crash of most of the Northeast Atlantic herring, that took place a few years later, might be due to the persistence of a too high fishing capacity (not anymore sustainable) which induced a huge increase in the fishing mortality during the 1960s, as shown by Torensen and Østved (2000) and Serchuk et al. (1996) . This episode could thus be seen as another interesting example of synergistic interactions between environmental changes and exploitation (see Planque et al. 2008) . So, if the lack of prey is probably not the main cause of the Nordic bluefin tuna fisheries collapse in 1963, it could have affected bluefin tuna population dynamics later, i.e., during the late 1960s and the 1970s.
Changes in migration patterns versus recruitment failure
Confronting present results with literature, it is thus tempting to relate the Nordic fisheries collapse to changes in bluefin tuna migration patterns which might have resulted from the rapid cooling of the Northeast Atlantic and, secondarily, from the decline/collapse of the Northeast Atlantic herring stocks. However, this hypothesis can hardly explain why the strong connection between the Nordic fisheries and the Spanish traps have lasted so long and did not vanish before the mid-1970s. This result that appears to be robust in the above analyses could advocate for another hypothesis, i.e. bluefin tuna recruitment failure (in relation to herring stocks collapse, cooling and/or overfishing). Yields from the French and Spanish bait boat fisheries, which were the major fisheries targeting juveniles bluefin tuna in the Northeast Atlantic during the 1950s and 1960s, displayed no significant decline, but high year-to-year variations (Figure 1) . Such large fluctuations are also the major feature of the standardized CPUE time series which started in 1975 (Figure 10) . However, the historical nominal CPUE, which are available from 1952 to 1975, tend to display a decline during the 1950s and a subsequent increase during the late 1960s and early 1970s. The early 1960s was thus a period of lower catch rates of juveniles bluefin tuna. Furthermore, a recent study showed that the fishing mortality rates on bluefin tuna were significant in the North Sea and Norwegian Sea during the period 1956-1979 (albeit much lower than currently) and that overfishing may have occurred during the 1950s (Fromentin and Restrepo 2009) . The above information remains too scarce to strongly conclude for recruitment overfishing but this hypothesis cannot be rejected and would deserve deeper investigation. Although these results gave little support to the hypothesis of the eradication of a sub-population, they indicate that fishing had probably affected bluefin tuna population dynamics during the 1950s. Note that the mean condition factor K of bluefin tuna in the North Sea did not change significantly between 1952 and 1974, indicating that bluefin tuna recruitment has probably not been affected by the condition of the spawners. The causes of the Nordic fisheries collapse are thus likely to result from interactions between environmental, trophic and fishing processes which may have finally impacted bluefin tuna migration patterns (and possibly recruitment during a decade). The fact that the Spanish traps also displayed a lack of new year-classes from the mid-1950s until the mid-1970s might be due to the stay of bluefin tuna in the Northwest Atlantic, as the high catches offshore Brazil and along the Northeast coasts of America during the 1960s could advocate for it. This hypothesis is obviously more conjectural, but Tiews (1963a) already put forward that the immigrating bluefin tuna from the West Atlantic into the North Sea during the 1950s might have stay in the East Atlantic the following years. Such behaviour has been recently observed (over three years) through electronic tagging experiments (Block et al. 2005) . Electronic tagging also revealed that the Northwest Atlantic (especially the area being delimited by the Gulf of Maine, Newfoundland and the Gulf Stream) has become a key feeding ground for bluefin tuna of both Western and Eastern origins during the 1990s and early 2000s (Block et al. 2001; Block et al. 2005; Royer et al. 2008) . So, the present analysis of historical data together with the most recent findings tends to show that the main feeding grounds of bluefin tuna have probably drastically changed during the half past 20 th century, shifting, at least one time, from the East to the West side of the North-Atlantic. Consequently, changes in bluefin tuna migratory routes might be also seen as a response/adaptation of the fish to shifts in oceanographic conditions and prey availability.
Consideration on population structure
The decline of the trap fisheries during the second half century is traditionally attributed to the expansion of the purse seine fisheries in the Mediterranean (which also target large bluefin tuna during the spawning period) and coastal pollution (e.g. Doumenge 1998; Addis et al. 2008) . These factors may have surely played a role but the present study showed that other processes, such as changes in migrations, probably also took place. However, the strong differences between the Spanish traps (NEA-TP) and the Mediterranean ones (MED-TP) can hardly be explained by changes in migration. The years of low catch in both trap fisheries were related to larger fish, but to a larger number of year-classes in the unique case of the Mediterranean fisheries. Importantly, the catch of the Mediterranean traps did not display any significant ageing and did not crash during the early 1960s but a decade later (the 1958-1963 year-classes supplied rather high catches to this fishery until the late 1960s). The century long time series of these two fisheries (in number of fish, Figure 1 ) displayed different patterns. The Mediterranean traps that exhibited conspicuous pseudo-periodic fluctuations of 100-120 years (Ravier and Fromentin 2001) actually dropped during the 1920s and remained at a rather constant medium/low level until the 1970s. In contrast, the Northeast Atlantic trap slightly increased from 1900 until the late 1950s and then suddenly collapse during the early 1960s, as the Nordic fisheries (note however that the two trap time series are not in opposition or significantly negatively correlated). All these features indicate that the underlying processes of collapse/decline of these two fisheries are likely to be different. This was unexpected as the literature assumed that bluefin tuna come from the North Atlantic to spawn in the Mediterranean Sea and then go back (Mather et al. 1995; Fromentin and Powers 2005) . Collecting the above dissimilarities with (i) the evidence of a new spawning ground in the Eastern Mediterranean Sea (Karakulak et al. 2004 ) and (ii) significant genetic differences (from both microsatellite and mitochondrial markers) between the Western and Eastern Mediterranean in the one hand and the Gulf of Mexico and the Mediterranean in the other hand (Carlsson et al. 2004; 2007) , it may be hypothesised that Atlantic bluefin tuna is constituted by at least 3 sub-populations: (1) a highly migratory one over all the North Atlantic (which would spawn in the Western and Central Mediterranean), (2) a more resident one in the Mediterranean (spawning in the Central and Eastern Mediterranean) and (3) a more resident one in the West Atlantic (spawning in the Gulf of Mexico). During the 1950-1960s, the sub-population (1) would have been dominant and would have spatially mixed to some extent with the 2 others. This sub-population would have been highly exploited during the 1950s and 1960s by the Northeast and Northwest fisheries. The declining catch in the North Atlantic and the increasing catch in the Mediterranean since the early 1980s may thus be interpreted as a change in sub-population size in response to environmental changes (in a analogous way as the sockeye salmon, see Hilborn et al. 2003) and overexploitation (firstly on sub-population 1 and then on sub-population 3). Since the 1980s, the sub-population (2) would have become dominant while sub-populations (1) and (3) would have remained at low levels. Current overexploitation (especially in the Western Mediterranean Sea which was the fishing hotspot of the 1980s and 1990s) might explain why only a small number of fish came back in the Northeast Atlantic (South of Iceland) since the last warming of the Northeast Atlantic (Figure 9 ). Very large bluefin tuna (> 700 kg) almost disappeared from the traditional Western Mediterranean and Northeast Atlantic fishing grounds, but were present offshore the Libyan coasts (Central Mediterranean) when this fishing ground started to be exploited in the early 2000s. Such an interesting observation may reflect the occurrence of cryptic biomass and may also advocate for complex population structure. However, this hypothesis of 3 subpopulations remains highly speculative and probably simplistic. There are indeed plausible interplays between population structure and spatial dynamics as well as interactions between sub-populations (especially in a case of a metapopulation, Kritzer and Sale 2004; Fromentin and Powers 2005) . Whatever, recent studies clearly indicate that Atlantic bluefin tuna population structure is probably more complex than currently suspected (see e.g. Carlsson et al. 2004; 2006) .
Perspectives
These results thus suggest that Atlantic bluefin tuna might have been overexploited since the 1950s or 1960s in some regions (such as the North Sea or the Northwest Atlantic), but less in other areas (such as the Central and Eastern Mediterranean). This feature might explain why bluefin tuna could have sustained the tremendous increase in fishing effort in the Mediterranean Sea since the 1980s. However, the situation is nowadays drastically different because bluefin tuna is heavily exploited over its whole spatial distribution for a decade (Fromentin and Powers 2005; ICCAT 2007) . There is thus no more refuge and all the potential sub-populations are currently exploited. This new situation is likely to strongly reduce bluefin tuna resilience. This issue has thus important impacts for management and conservation. In a context of heavy overexploitation and overfishing, it is crucial to better understand bluefin tuna population structure and spatial dynamics and their interactions with fishing and environmental conditions. This could be investigated through an integrated and ambitious research project that would apply traditional (e.g. histological analyses, larval survey) and advanced (e.g. genetic and biochemical markers, electronic tag) techniques on a substantial number of fish sampled over the whole spatial distribution of the species. Such an ambitious project would be obviously costly, although it would only correspond to a small percent of the annual benefits of the valuable bluefin tuna fisheries and farming. Right panel Scatterplots of the median size versus the inter-quartile range. A linear regression is superimposed on each plot together the probability value when significant after adjustment for serial autocorrelation, according to the method proposed by Pyper and Peterman (1998) . Acronyms are given in table 2.
Figure 5 left panel Scatterplots of the annual yields (log-transformed) versus the annual median size of the four fisheries that displayed significant changes in their catch-at-size. Right panel Scatterplots of the annual catch (ton) versus the annual inter-quartile-range (cm) of the same four fisheries. A linear regression is superimposed on each plot together the probability value when significant after adjustment for serial autocorrelation, according to the method proposed by Pyper and Peterman (1998) . Acronyms are given in table 2. 
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